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INTRODUCTION 
In the last few years, increasing attention has been given by 
various authors to the phenomena of wave impact on rigid 
structures and particularly on vertical breakwaters. Only recently 
the failure of a caisson breakwater caused by a wave impact has 
been analysed in depth (Oumeraci, 1994) and since that time a 
more focused approach on the consequences of pulsating loads 
and on the dynamic response of the structures has started. A lot of 
historical research has been carried out regarding wave forces on 
seawall starting from Stevenson (Stevenson, 1874). It was 
Bagnold (Bagnold, 1939) who was the first to focus the attention 
on wave impacts on coastal structures. The first to develop a 
prediction method for waves that breaks directly onto a vertical 
breakwater was Minikin (Minikin, 1963), but Allsop (Allsop et al., 
1996) demonstrated the inconsistency of the formula. Takahashi 
(Takahashi, 1994), extended the Goda formula (Goda, 1974) 
including the impulsive force parameter setting the benchmark in 
the calculation of pulsating loads on vertical breakwaters. Within 
the European project PROVERBS laboratory tests, at large and 
small scales, were run at the GWK of Hannover, Germany and at 
DWF at HR Wallingford, UK. The results of these experiments 
have led to the Allsop formula (Allsop et al., 1999) in which a 
statistical approach was used. A new data set of large scale 
experiments performed at the LIM-UPC Barcelona, Spain, under 
the project Violent Overtopping by Waves at Seawalls (VOWS), 
led to a new formulation (Cuomo et al, 2010). Using both data sets 
of PROVERBS and VOWS, a statistic evaluation of impact loads 
on caisson breakwaters based on the joint probability was 
presented (Cuomo et al, 2011). An extended work has been done 
also over the effects of fresh water, trapped air, laboratory and 
scale effects (Bullock et al, 2001) using the comparison between 
field measurements at the Admiralty Breakwaters at Braye 
Harbour in the Channel Islands. A scaled 1:25 physical model test 
was carried out, at the University of Plymouth, UK. In this paper, 
a simple study case of a vertical breakwater with toe protection 
was tested in a small scale flume at the UPC under regular wave 
attacks in order to find an impulsive load condition. Once the 
impulsive condition was found, a comparison between pressure 
sensors and load cells was made and a brief study over the 
influence of the sample frequency and the natural frequency of 
vibration of the structure itself was performed. A comparison with 
the existing formulations was done. 
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METHODOLOGY 
Experimental Set-up 
The experiments have been carried out in the CIEMito wave 
flume of the Laboratori D'Enginyeria Maritima (LIM) of the 
Universitat Politecnica de Catalunya (UPC). The flume is 18m 
long, 0.38 m wide and 0.56 m high. It is equipped with a piston 
type wave maker driven by software developed at LIM/UPC that 
allows generation of regular and random waves characterized by a 
target spectrum as well as a target wave time series. A scaled 
model of a vertical breakwater has been built and tested against 
regular wave attacks. 
The flume has a flat bottom and the breakwater has a smooth 
toe protection in order to simulate a rubble mound toe protection 
(Figure 1).  
The vertical wall of the breakwater has been equipped with six 
pressure sensors and was held also with two load cells, in order to 
record the pressure and the total force at every wave attack at the 
same time. The load cells have been fixed at a superstructure of 
the wave flume with a reticular structure in order to avoid possible 
movements. 
Instrumentation 
The instrumentation used during the experiments was composed 
of: 
 Six pressure sensors P8AP by HBM © 
 Two load cells Z6 by HBM © 
 Six wave gages 
 The P8AP is an absolute pressure transducer based on a strain 
gauge sensor with a measuring span of 10 bars and an accuracy 
class 0.3. The P8AP are IP67, that means they are weatherproof 
but not waterproof and for this reason a box that isolates the 
sensors from the water is needed.  
20 holes were added to the front wall so as to be able to try 
different patterns of pressure sensors positions. Six holes were 
plugged with the pressure sensors and the others are plugged with 
screws in a manner that the front wall will be waterproof and 
continuous. 
After some tests using various positions of the pressure sensors, 
the definitive pattern was defined with the six pressure sensors 
placed on the same vertical and with a distance between each 
sensor of 25 mm. 
 The Z6 by HBM is a bending beam load cell with a nominal 
load of 50 Kg and an accuracy of 0.009 % of the maximum 
capacity. The load cells were mechanically fixed to the protecting 
box of the pressure sensors and fixed at the reticular structure 
described before. It is very important that the mechanical 
connection should be very rigid in order not to absorb any force 
and affect the measurement.  
A reticular structure fixed on a super structure of the wave 
flume (independent from the wave flume itself) is used because in 
a reticular structure there are just normal forces and the nodes are 
fixed (Figure 2). The stiffness of the load cells should be much 
lower than the stiffness of the reticular structure in order to deform 
itself and to perform the right measure of the force. 
The coupling of the two load cells in two different positions is 
needed in order to obtain time series of the total force, the 
momentum and the application point of the force. 
Both pressure sensors and load cells are connected at a 
Quantum X MX840A data acquisition system by HBM. The 
MX840A is an 8 channel data acquisition system that can record 
at a maximum sample frequency of 19.2 KHz. The possibility to 
connect the six pressure transducers and the two load cells in the 
same acquisition system and sample at a very high speed is crucial 
in order to be able to compare the results obtained from both 
together. 
Wave motions were measured by using 6 resistive wave gages, 
with an accuracy of 0.1 mm, positioned in front of the vertical 
breakwater in order to measure the generated wave, the wave in 
front of the structure and decompose incident/reflected waves with 
the Mansard and Funke method (Mansard, 1980). 
A schematic with the position of all the sensors is exposed at 
(Figure 3). 
Wave tests conditions 
A water depth of 0.22 m was used and ten regular waves were 
performed during each wave attack. As explained above a flat 
bottom was used. Previous tests with a wave height bigger than 
0.12m was discarded because breaks in front of the paddle and 
waves smaller than 0.1m, never produce impact conditions. 
In a flat bottom it is not so easy to reach impact conditions and 
for that reason a wide range of regular wave conditions (86 tests) 
were tested in order to find the one with the right impulsive 
conditions.  
The wave attack H=0.11m T=0.9s has been chosen after 
analysing the conditions that have produced at least one impact 
state in the register. In this register, it is clearly an impulsive 
situation (Figure 4). 
All the following comparisons were made using this wave 
attack as the standard. 
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Figure 1. Dimensions in cm and position of the vertical 
breakwaters in CIEMito wave flume. 
 
Figure 2. Reticular structure that constrains the load cells 
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Analysis 
The analysis that has been performed consists of the following 
parts: 
 Calculation of the total force and momentum with the two 
load cells. Both load cells give the force in their respective 
application point. Every load cell behaves like a fully 
restrained beam to one end and a free end to the other. The 
stiffness is known and for this reason knowing the 
deformation is possible to derive the applied force at the free 
end. Once the forces are known in two points is known the 
total force, which is the sum of the two forces.  
 
 Calculation of the total force and momentum with the six 
pressure sensors. Every sensor gives the pressure in one 
point. A linear interpolation is done between one pressure 
value and another. All the area between the lower and the 
upper pressure sensors is covered, but there is no data in the 
part under the lower pressure sensor and over the upper 
pressure sensor. In order to cover these two areas an 
extrapolation was performed. In the lower part an 
extrapolation with a spline using the values of the PS1 and 
PS2 was done. In the upper part an extrapolation using the 
PS5 and PS6 was done, but not admitting negative pressure 
values and when the pressure values were positive, pressure 
above the higher part of the vertical wall were not taken into 
account. To maintain the same integration domain between 
pressure sensors and load cells, values higher than the 
maximum height of the vertical wall are excluded too. An 
integral covering the obtained pressure distribution was 
applied in order to calculate the total force using the pressure 
sensors. For the calculation of the application point of the total 
force and consequently the moment, a weighted average on 
the areas of the pressure diagram between one sensor and 
another was done, allowing the calculation of the application 
point of the total force with simple calculations. 
 Identification and analysis of the natural frequency of 
vibration of the vertical wall. Once the total force and 
moment are calculated with the load cells and with the 
pressure sensors, it is necessary to know if some deformations 
of the load cells are due to the natural frequency of vibration 
of the vertical wall. The system is elastic and for that reason 
every oscillation due to the elasticity of the system should be 
filtered. In order to know the natural frequency of vibration of 
the vertical wall a particular test was done. Without water and 
with a rubber hammer the surface has been hit as close as 
possible to the water surface recording with the load cells. The 
hammer causes vibrations and the recorded time series is 
characterized by damped oscillations. The frequency of these 
oscillations is constant and equal to the natural frequency of 
vibration of the vertical wall. This frequency need to be 
filtered from the results in order not to take into account these 
oscillations that are not a consequence of the wave impact.  
 Comparison between pressure sensors and load cells 
with error calculation. The pressure sensors does not present, 
in the data sheet, an accuracy class good enough for the small 
scale used in these experiments. Indeed, previous tests have 
shown a better resolution and a possibility to apply these kinds 
of transducers for the pressure measurements at such small 
scales of work. Undoubtedly a comparison with suitable 
sensors is needed. For that reason a double measure with both 
load cells and pressure sensors has been done. The pressure 
sensors are useful for the evaluation of the pressure 
distribution on the vertical wall and for the identification of 
the impact point. To evaluate the performance of the pressure 
sensors and the analysis method utilized to compute the total 
force, a comparison between the result obtained with the load 
cells and the pressure sensor was done. This comparison 
consists of an evaluation of the error during the impact and 
during all the time series. The statistic parameters utilized are: 
          (1) 
where X is a set of N observed data and Y a set of predicted 
data. The angular brackets denote an average and  is the 
modulus of X. 
A RMAE value of zero implies a perfect match between 
predictions and observations. This will never, in practice, be 
achieved as the RMAE includes contributions from the 
measurement error. The simplest approach to estimate the 
relative effect of observational errors is to compare the 
observational error to the mean absolute error. Another 
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Figure 3. Left: Wave gage positions. Right: Pressure sensor and load cell positions. (length in cm) 
 
Figure 4. Time series of the pressure sensor PS3 for the 
conditions H=0.11 T=0.9 with the clear impact. 
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approach taken to reduce the influence of the observational 
errors is to subtract the observed error OE from each absolute 
error, thus defining an adjusted RMAE: 
    (2) 
In this case of study the observed data correspond to the total 
force calculated with the load cells whereas the predicted data 
is the total force calculated with the pressure sensors. 
Sutherland et al. (2004) propose a classification and a 
categorization of the ARMAE error (Table 1). 
  Influence of the sample frequency. As a definition an 
impulsive condition is something that has a short duration; in 
the case of a wave that impacts on a vertical wall the duration 
of the impact is unknown and the use of a sample frequency 
that is too low can lead to a sub estimation of the force peak. 
For that reason a very high frequency acquisition system is 
recommended in order to avoid non-quantifiable errors. Using 
the same experiments, the repeatability should be no different 
and guaranteed to perform the same test several times and 
analysing the differences between the two experiments with 
the same statistic as explained before. Once the repeatability 
was guaranteed performing an error analysis based on the root 
mean square error, various tests made under the same 
conditions were recorded at different sample frequencies from 
19200 Hz to 50 Hz and the differences were analysed.  
  Comparison of the results with formulations. A 
comparison between the obtained data, the Takahashi 
(Takahashi, 1994) distribution and the Allsop formula (Allsop 
et al., 1996) was made taking into account the differences 
between the experimental set-ups and the scale of work. 
 PRELIMINARY RESULTS 
 Natural frequency of vibration 
As was explained in the previous section, a test to find out the 
natural frequency of vibration of the vertical wall was performed. 
From this test it was found that the natural frequency of vibration 
of the vertical wall was between 12 and 14 Hz. 
 
 
Table 1. Error classification and categorization of the ARMAE 
statistic. (Sutherland et al, 2004) 
Range of ARMAE Classification 
< 0.2 Excellent 
0.2 – 0.4 Good 
0.4 – 0.7 Reasonable 
0.7 – 1 Poor 
> 1 Bad 
 Load cells and pressure sensors comparison 
 Following the explanations described in the analysis section, a 
comparison of the calculated total force has been done between 
the load cells and the pressure sensors. Some results of this 
comparison are presented in Figure 5. Analysing the figure is 
possible to see that the peak during one wave period is well 
represented, but the sinus of the wave does not seem so good. This 
is due to the zero offset performed at the pressure sensor in order 
to cleanse the measure of all the sensors to the hydrostatic 
pressure. This is because the load cells are in equilibrium with the 
water on both sides of the wall and for that reason the hydrostatic 
force is not measured. The problem appears in the sinus of the 
wave when a pressure sensor that in static conditions is wet 
becomes dry. The difference between the hydrostatic pressure and 
the atmosphere pressure is computed as a negative pressure. This 
kind of comparison is performed to use the results of the pressure 
sensors in order to have the pressure distribution on the vertical 
wall during an impact. For that reason it is preferable to have the 
right measure on the peak and a known error on the sinus 
(condition less dangerous for the wall).  
In order to quantify the quality of the results was the previous 
explained statistic parameter has been used. To calculate the 
ARMAE parameter it is important to define the observed error 
OE. In this case the observed values are the one calculated with 
the load cells (more precise than the pressure sensors) and their 
observed error is the double of the precision of the single load cell. 
From the data sheet of the Z6 OE must to be set to 0.044 N. 
Considering only the time series range where the total force is 
positive (water at still level or above), the value of the ARMAE 
parameter is 0.16 that corresponds to an Excellent in the 
classification proposed by (Sutherland et al, 2004). An evolution 
of the ARMAE parameter is plotted below (Figure 6). It is also 
possible to consider that in the quasi-static part of the impact time 
series (flat part after impulse in figure 5) there are some 
oscillations in the load cells graph. Considering the previous 
results on the natural frequency of vibration of the plate and 
considering that those oscillations correspond to a frequency of 12 
Hz, it is possible to assume that those oscillations are caused by 
the natural frequency of vibration of the vertical wall. Considering 
also the last assumption it is possible to say that the results 
obtained with the load cells and with the pressure sensors are 
similar and comparable in the part of the time series range where 
the forces are positive. 
Sample frequencing influence 
Before performing the analysis on the influence of the sample 
frequency on the results, it is important, as already said before, to 
 
Figure 5. Impulsive condition. Comparison between load cells 
and pressure sensors. 
 
Figure 6. Evolution of the ARMAE parameter. 
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analyse the results of the repeatability of the experiments. Ten 
different time series with the same paddle movement were 
analysed in order to confirm that the generated time series is 
always the same with an acceptable error. A comparison was  
made for the generated waves and for the total force (Figure 7). 
A maximum error of 4% in the total force and of 6% in the 
generated wave was found. With this error it is possible to assume 
that the experiments are repeatable and the results obtained are 
representative.  
 As is known, the impulsive conditions are extremely fast and as 
can be seen for the same wave impact condition (Figure 8) the 
maximum force sampling at 50 Hz is around 150 N/m but the 
maximum force sampling at 19200 Hz is 220 N/m. This is a 150 
% more. It is also possible to see some dispersion in the dataset at 
the frequencies between 300 and 600 Hz. This is a normal 
occurrence because of the sampling at a low frequency. It does not 
mean that it is impossible to catch the peak, but it means that the 
probability of detecting the peak is smaller. Furthermore, is 
possible to say that small increases in the total force are 
predictable for increases in the sample frequency (over 19200 Hz). 
Is important to remember that a 400 fold increase of the sample 
frequency leads to a 1.5 fold increase of the total force.  
The sample frequency also influences on the noise level present 
in the signal. The electrical pollution in the environment is 
captured by the cables that are working as antennas. This electrical 
noise has, r definition, amplitude and infinite frequencies, for that 
reason, pushing up the sample frequency can be a problem for the 
measure itself as more frequencies capture more noise. In the 
study case the load cells have a shorter cable than the pressure 
sensors and for this reason they capture less noise.   
Results against the existing formulations 
The most used formulation for the calculation of the pressure 
distribution on a vertical wall is the Goda formula (Goda, 1974) 
but it does not take into account the impulsive condition. For that 
reason Takahashi in 1996 has performed some tests and has 
introduced some modifications in order to consider the impulsive 
condition. The modified formula gives the following results: 
 F = 211 N/m 
 Pmax = 980 Pa (at SWL) 
 Pb = 657 Pa (at the base of the vertical wall) 
 h = 0.135 (height reached by the water above SWL) 
The Cuomo (2010) formula instead gives the values of the 
maximum impact force (Fimp) and of the quasi-static force (Fqs) 
but does not give the pressure distribution. The results are: 
 Fimp = 938 N/m 
 Fqs = 378 N/m 
The overall forces of the study case are listed in the previous 
table (Table 2) taking into account the variability of the results 
with the sample frequency. 
CONCLUSIONS 
From these tests it is possible to draw some discussions referred 
to in the preliminary results. 
It is possible to assume that the load cells and the pressure 
sensors give comparable results, especially at a low sampling 
frequency where the noise does not play an important role as is 
“filtered” by the low sample frequency. When increasing the 
sample frequency this filter is less effective against the noise that 
affects, with greater magnitude, the pressure sensors than the load 
cells. The global behaviour remains comparable, but a lot of noise 
appears in the pressure sensor time series with mean amplitude of 
approximately 30 N/m (Figure 9). That affects clearly the measure 
of the peak if a variation of 60 N/m is not negligible as in the 
present study case. That behaviour of the pressure sensors can be 
associated with the length of the cable. As said before the cable 
can work as an antenna that captures all the electric signals and a 
longer cable is a more receptive antenna. The length of the cables 
of the pressure sensors were 6m instead of the 3m for the cables of 
Table 2. Experimental results: Total Force computed with the load 
cells (FLC)and the pressure sensors (FPS) varying the sample 
frequency 
FLC [N/m] FPS [N/m] Pmax [Pa] 
Sample Freq. 
[Hz] 
153 163 1052 50 
172 186 1273 100 
173 193 1512 200 
206 230 2014 300 
192 237 2231 600 
186 220 1882 1200 
196 266 2445 2400 
201 276 2423 4800 
202 271 2584 9600 
218 310 2644 19200 
 
Figure 7. Test repeatability: Total force on the vertical wall (up). 
Generated wave at 3 m from the wave paddle (down). In both 
figures there are plotted the 10 time series (in colours) and the 
computed RMS (in blue). 
 
Figure 8. Sample frequency analysis. In blue there are the 
recorded data and in red a logarithmic interpolation of the 
dataset. 
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the load cells.  
The sample frequency does not just affect the level of noise in 
the signal, but also influences the value of the force peak recorded 
during the impact. A growth of the sample frequency implies a 
higher value of the maximum total force, as it can be seen in 
Figure 8, both using the load cells and the pressure sensors to 
calculate it, although with some differences between both systems 
of measure.  
Comparing the experimental results (Table 2) with the results of 
the classical formulations it is possible to assume that the formula 
of Takahashi is comparable with the maximum force calculated 
with the load cells at the maximum sample frequency. 
Nevertheless, the maximum pressure is not comparable because of 
the pressure distribution that Takahashi uses. The Takahashi 
(2002) pressure distribution is averaged, and it does not present a 
peak above the water level according to the results. Also the 
maximum height reached by the water is overestimated. That 
means that the total force is comparable but not the pressure 
distribution and the momentum. The Cuomo formula (2010) 
instead returns values one order of magnitude higher than the 
recorded ones. It is possible to associate these differences to the 
scale of work: Takahashi (2002) has worked at a comparable (a bit 
bigger) scale for the physical model. Instead the experiments used 
by Cuomo (2010) to develop his formula are performed in the big 
scale flume of the UPC that is approximately 6 times longer than 
the CIEMito flume. Furthermore the configuration used in the 
experiments of Takahashi (2002) is similar to the one used in this 
paper, instead Cuomo (2010) uses a slope beach (1/13 slope) that 
allows a better development of the wave in order to reach an 
impact condition. Also in the Cuomo (2010) experiments a toe 
protection is not present. All these differences can lead to different 
results.  
FUTURE WORKS 
More exhaustive experiments need to be done in the near future. 
A sloping beach will be used so as to improve the development of 
the wave and reach “more impulsive” conditions and higher 
values of the total force. With the utilization of a sloped beach a 
higher depth at the generation zone can be used that permits to 
generate higher waves and longer periods avoiding the wave 
breaking at the generation area. 
Generation of focused waves and the utilization of nonlinear 
theory of generation can be implemented in order to improve the 
knowledge and to analyse the differences with linear theory 
generation. 
Irregular waves also need to be tested and analysed in order to 
sweep a wide range of conditions. 
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Figure 9. Load cells and pressure sensors comparison; At a 
sample frequency of 19200 Hz a lot of noise appears in the time 
series of the load cells. 
